F i r s t , Clock A and a GPS receiver are used t o
system, i f t w o clocks a t known coordinates A and B clock .A's location, and from received GPS time are i n common-view o f a s i n g l e GPS s a t e l l i t e , r e c e i v e r s a t these two c l o c k s i t e s may coincidendecoded f r o m the same s a t e l l i t e , t h e t i m e d i f f e rt a l l y r e c e i v e t r a n s m i t t e d GPS clock times. By ence (Clock A -GPS time). This method i s the subtracting the received times of arrivals as measured by clocks A and B a t t h e two sites while simplest and least accurate (estimated to be compensating for the propagation delays, one has better than about 100 ns with respect to GPS an accurate measure of the time difference between time),2 but has global coverage, is in the receiveclock A and clock B.
When a l l o f the error contributions are only mode, requires no other data, yields receiver assessed, it appears t h a t 1 ns t i m e s t a b i l i t y and prices that could be competitive on a mass produc-10 ns o f t i m e accuracy should be achievable i n measuring remote clocks--at distances o f t h e o r d e r t i o n b a s i s , and could service an unlimited audio f a fe; thousand km. The primary error sources are as follows: uncertainties i n t h e s a t e l l i t e ephemeris, differential ionospheric delays, uncertainties in tropospheric delay estimation, and uncertainties in receiver delays.
W e have chosen t h i s common-view approach because it provides an opportunity for a high accuracy (10 ns) r e l a t i v e l y low cost receiver due t o t h e common-mode error cancellation achievable.
I n t r o d u c t i o n
The f a c t t h a t GPS time i s based on atomic clocks, plus the fact that the GPS s a t e l l i t e ephemerides are accurately known, leads t o some s i g n i f i c a n t n a t i o n a l and international time compari son opportunities. Even though GPS i s fundament a l l y a navigation system, accurate time i s a l s o
available.' I t i s assumed i n t h i s document t h a t users wishing t o measure o r compare time on the e a r t h w i l l know t h e i r l o c a t i o n t o w i t h i n s i m i l a r u n c e r t a i n t i e s a t t r i b u t a b l e t o t h e t i m e e r r o r s i n
GPS. The c i v i l i a n o r C/A ( c l e a r access)-code w i l l always be available and can be used f o r general ence. Also, GPS t i m e w i l l be r e f e r r e d t o UTC(USN0) and w i i l be known with respect to UTC(BIH), UTC(NBS), and other major timing centers.
Second, Clock A and Clock B a t d i f f e r e n t locations anywhere on e a r t h can be compared by making successive observations o f the same GPS s a t e l l i t e c l o c k , a t l e a s t one o f which w i l l appear above their horizons with delayed view times of less than 12 hours. This i s analagous t o the clock flyover mode reported by J. Besson3 and others. The t i m e p r e d i c t i o n e r r o r f o r the satell i t e cesium clocks t o be used i n t h e GPS satell i t e s w i l l be about 5 ns over 12 hours. Since the same GPS s a t e l l i t e c l o c k w i l l be viewed by both A and B, biases i n t h e s a t e l l i t e ephemeris may tend t o cancel depending upon geometry, etc. There are f o u r i n t e r e s t i n g methods t o employ GPS f o r accurate time transfer or for accurate time and frequency comparisons (see Fig. 
1):
T h i r d (see Figures   1 81 2) , two users w i t h Clock A and Clock B a t d i f f e r e n t l o c a t i o n s , b u t i n simultaneous comon-view o f a s i n g l e GPS s a t e l l i t e clock, can take advantage o f common mode cancellat i o n o f ephemeris e r r o r s i n d e t e r m i n i n g t h e t i m e d i f f e r e n c e (tA -tB). The s a t e l l i t e c l o c k e r r o r contributes nothing. Since the GPS s a t e l l i t e s a r e a t a b o u t 4 . 2 e a r t h r a d i i
(12 h o u r o r b i t s ) , f o r continental distances between
A and B (5 3000 k m ) t h e a n g l e L ( A -S a t e l l i t e -B ) w i l l be 5 loo, and t h e e f f e c t s o f s a t e l l i t e ephemeris errors w i l l be reduced by a f a c t o r o f more t h a n 10 o v e r t h e f i r s t method. Using a f a i r l y s t r a i g h t f o r w a r d r e c e i v e r system, an accuracy o f a b o u t 10 ns i n measuring t h e t i m e d i f f e r e n c e (tA -tB) appears probable.
This again requires data communication between A and B. With improved ephemerides and propagation d e l a y c h a r a c t e r i z a t i o n , t h e a c c u r a c y l i m i t f o r t h i s method appears t o be about 1 ns. The r e c e i v e r should be r e l a t i v e l y i n e x p e n s i v e , a n d g i v e n t h e r e a s o n a b l e c o s t s o f d a t a modems a n d t h e p o t e n t i a l a c c u r a c i e s a c h i e v a b l e v i a t h i s method, it makes it v e r y a t t r a c t i v e and c o s t e f f e c t i v e f o r n a t i o n a l , and i n some i n s t a n c e s , f o r i n t e r n a t i o n a l t i m e compari sons. antennae such t h a t s e q u e n t i a l l y , 4 s a t e l l i t e s can b e t r a c k e d c o n c u r r e n t l y a t A and B. The d a t a a r e c r o s s -c o r r e l a t e d a f t e r t h e f a c t , t h e same as i n l o n g b a s e l i n e i n t e r f e r o m e t r y , t o d e t e r m i n e l o c a t i o n and t i m e d i f f e r e n c e (tA -tB). The d a t a d e n s i t y i s h i g h and t h e b a s e l i n e s a r e r e l a t i v e l y s h o r t , but the accuracy i s e x c e l l e n t .
I t appears t h a t as GPS becomes f u l l y d e v e loped, GPS t i m e may become o p e r a t i o n a l w o r l d t i m e .
Methods 1, 2, o r 3 above would y i e l d s i g n i f i c a n t improvements i n n a t i o n a l a n d i n t e r n a t i o n a l t i m e System E r r o r A n a l y s i s E r r o r s R e s u l t i n g f r o m S a t e l l i t e E p h e m e r i s L o c a t i o n U n c e r t a i n t y
The t i m e t r a n s f e r e r r o r i s dependent upon t h e e p h e m e r i s o r p o s i t i o n e r r o r o f a s a t e l l i t e .
Common-view t i m e t r a n s f e r y i e l d s a g r e a t r e d u c t i o n i n t h e e f f e c t o f t h e s e e r r o r s between two stations, A and B , as compared t o t r a n s f e r o f t i m e f r o m t h e s a t e l l i t e t o t h e ground. Common-view t i m e t r a n s f e r i s accomplished as follows:
S t a t i o n s A and B r e c e i v e a common s i g n a l from a s a t e l 1 i t e and each records the 
If the ephemeris of the satellite is off, the computed ranges from the stations to the satellite will be off an amount dependent on the way the ephemeris is wrong and the geometrical configuration of the satellite-station systems. The advantage of common-view time transfer is that the computed bias is affected not by range errors to individual stations, but by the difference of the two range errors.
Thus, much of the ephemeris error cancels out. To see how this works in detail, suppose the ephemeris data implies range delays of t;\ and ti, but the actual position of the satellite, if known correctly, would give range delays of z A = t i -A t A and t B = t i -AtB.
Then the error in time transfer would be AtAB = A t B -A t A , where tAB = t i B -AtAB is the true time difference (clock A -clock B) and where t i B is the computed time difference from the actual time of arrival measurements and ephemeris data. Thus, AtAB, the time transfer error due to ephemeris error, depends not on the magnitude of the range errors, but on how much they differ.
The error in time transfer, AtAB, as mentioned above, depends on the locations of the two stations and of the satel 1 i te, as well as the orientation of the actual position error of the satellite. Figures 3 through 18 at the end of the paper give AtAB for some ground stations of interest with different discrete levels of error shown as contour graphs dependent on where the satell is. There are four sets of contour graphs each pair of ground stations; for current future typical ephemeris errors,4 and for whet the satellite is going north or south in orbital plane. Within a particular graph, i te for and her its the contour level at a point corresponds to the rootmean-square value of AtAB when the common view satellite is directly above that location. The current values of ephemeris error for the GPS satellites are estimated at about 10 meters intrack, i.e., in the satellite's direction of motion; 7 meters cross-track, and 2 meters radial.5 This corresponds to 41.23 ns rms error (square root of the sum of squares/c). The projected values for 1985 are 7 m in-track, 3 m cross-track, and 0.6 m radial, corresponding to 25.46 ns rms error.5 Notice that the rms errors make an elongated ellipsoid and are dependent on satellite direction. Thus, to compute the range errors to a given pair of stations for a given satellite location, one needs to know the satel 1 ite direction at that location. The satellite moves in a fixed plane in space with the earth rotating under it.
The program which computed the figures used an orbital plane making an angle of 63O with the ecliptic with the satellite moving west to east in the plane.
As an approximation, the orbit was assumed circular at 4.2 earth radii (12 hour period). A t a given latitude, the satellite direction in degrees east o f north is determined by the orbital plane and whether the direction is northerly or southerly. Corrections for the earth's rotation need to be included.
Thus, each figure was created by: 1) choosing a given pair of ground stations, a set of values for ephemeris error, and whether the satellite was moving north or south in its orbital plane;
2) for a given location on a map containing the ground stations, finding the satellite direction (a function of latitude only) and three independent position error vectors from the three different types of ephemeris error; and 3) approximating AtAB for each o f the independent position error vectors, then finding the square root of the sum of their squares for the total AtAB at that location. In this way a chart of values of A t A B was computed, which were then plotted in contour plots superimposed on a world map in cylindrical projection.
Clearly, there are regions shown where the satellite will be below the horizon for one or both stations, so the maps are over-inclusive in this regard.
The AxAB were approximated in the following way. Let us fix a coordinate system at the earth's center to define basis vectors. Then let and 
L e t eA and eB be t h e u n i t v e c t o r s i n t h e d i r e c - We see t h a t t h e t i m e t r a n s f e r e r r o r i n c r e a s e s as t h e v e c t o r s p o i n t i n g t o t h e s a t e l l i t e f r o m t h e g r o u n d s t a t i o n s become l e s s p a r a l l e l up t o t h e maximum o f t i m e s t h e e p h e m e r i s e r r o r when they are perpendicular, down t o zero when t h e y a r e p a r a l l e l . Because o f t h e d o t p r o d u c t , some i n t e re s t i n g a n d v e r y h e l p f u l s i t u a t i o n s may a r i s e . F o r example, i f t h e p a t h o f t h e s a t e l l i t e were a t r i g h t a n g l e s t o t h e l i n e between s t a t i o n s A and B and were half-way i n between the two stations, the e f f e c t o f the ephemeris errors due t o r a d i a l and on-track go t o zero! Since the GPS s a t e l l i t e s a r e so f a r o u t , 4.2 e a r t h r a d i i a p p r o x i m a t e l y , t h e d i r e c t i o n v e c t o r s p o i n t i n g t o t h e s a t e l l i t e t e n d t o be c l o s e t o p a r a l l e l , t h u s c a n c e l l i n g most o f
t h e e p h e m e r i s e r r o r i n a l l cases where common-view I n s t u d y i n g t h e s e g r a p h s , one observes two v e r y i m p o r t a n t t h i n g s :
1) t h e t o t a l d e l a y a t n i g h t t i m e a n d / o r h i g h l a t i t u d e i s much s m a l l e r t h a n a t d a y t i m e , a n d 2) one n o t i c e s t h a t t h e c o r r e l a t i o n i n a b s o l u t e d e l a y t i m e c o v e r s much l a r g e r d i s t a n c e s when one moves away from the equator and t h e v i c i n i t y o f noon; t h e c o n c l u s i o n
b e i n g t h a t a s i g n i f i c a n t amount o f common-mode c a n c e l l a t i o n w i l l occur through the ionosphere a t l a r g e d i s t a n c e s i f a l l o b s e r v a t i o n s a r e made a t e i t h e r h i g h l a t i t u d e s a n d / o r a t n i g h t t i m e . These c a n c e l l a t i o n e f f e c t s , as can be seen from Fig.  20 over several thousand km, w i l l c a u s e e r r o r s o f l e s s t h a n 5 ns. For short baselines less than
k m , t h i s common-mode cancel 1 a t i o n w i l l cause e r r o r s o f t h e o r d e r o f o r l e s s t h a n about 2 ns. C l e a r l y , t h i s g i v e s a d e f i n i t e d i r e c t i o n as t o how one
should proceed using the conmon-view GPS time and frequency transfer technique proposed i n t h i s paper. Even though the total ionospheric delay may be very large at certain times and places, there are ways t o p i c k and choose, which would a1 low one t o g e t l a r g e amounts o f comonmode c a n c e l l a t i o n and which would allow one t o achieve with some care, time and frequency t r a n s f e r accuracies approaching a nanosecond.
Beyond the common-mode cancellation, i f one had access t o t h e measurements o f t h e t o t a l e l e ctron content, then clearly one could use the model to actually calculate the delay over the two paths o f i n t e r e s t , o r i f the monitor stations for the TEC were nearby, given reasonable correlations from one monitor station to another, one could
i n t e r p o l a t e t h e TEC so t h a t on an ongoing basi s, t h e d i f f e r e n t i a l d e l a y v a r i a t i o n s c o u l d be calcu-
lated again to the order o f a nanosecond. Also, i f one used both the L1 and LP frequencies from the GPS s a t e l l i t e , t h e TEC could be calculated.
Errors Resulting From Troposphere
I n t r a n s f e r r i n g t i m e between ground s t a t i o n s v i a common-view s a t e l l i t e , one records the time o f a r r i v a l o f t h e s i g n a l and computes the time of transmission by subtracting the propagation time.
The propagation time i s found by d i v i d i n g t h e range to the sate1 1 i t e by t h e v e l o c i t y o f 1 i g h t .
However, moisture and oxygen i n t h e troposphere have an e f f e c t on t h e v e l o c i t y o f propagation of the signal, thus affecting the computed t i m e o f transmission and therefore, the time transfer.
T h i s e f f e c t i s dependent on the geometry, the l a t i tude, the pressure, and the temperature, and may vary i n magnitude from 3 ns t o 300 ns.'
However, by employing reasonable models and using high elevation angles, the uncertainties i n the d i f f e r e n t i a l d e l a y between t w o sites should be well below 10 ns. Later on, i f needed, the magnitude of the troposphere delay can be calculated with uncertainties which w i l l approach a nanosecond.
Error Considerations i n Receiver Design
Since the primary goal o f t h e NBS receiver design i s accuracy i n time and frequency t r a n s f e r , the approach taken tends t o be somewhat d i f f e r e n t than perhaps may be considered i n a navigation receiver. The fundamental concern i s t h a t whatever t i m e d e l a y e x i s t s w i t h i n t h e r e c e i v e r t h a t it be obtains an absolute accuracy of t i m e t r a n s f e r o f better than 10 ns, and a t i m e s t a b i l i t y of the order of a nanosecond. This means t h a t on a 24 hour basis, one could measure absolute frequency differences between remote s i t e s t o a few p a r t s i n 1014. We a n t i c i p a t e a f r o n t end p a r t s and assembly cost (not including development costs) of w e l l under $10,000. This includes the computer and automatic control system as w e l l as a I ns t i m e i n t e r v a l c o u n t e r ; b u t , o f c o u r s e , does n o t i n c l u d e the necessary testing documentation and costs i n c u r r e d b y a vendor i f they were t o develop and p u t i n t o p r o d u c t i o n such a system. The concept being developed has t h e s i g n i f i c a n t advantage t h a t t h e m a i n c o s t s w i l l be front end costs as the system should be uni ntensive after being set i n operation. I t a l s o has t h e s i g n i f i c a n t advantage over two-way s a t e l l i t e systems, i n t h a t i t i s i n t h e r e c e i v e o n l y mode, which should allow a much l a r g e r u s e r a u d i e n c e f o r t h i s k i n d o f r e c e i v e r as w e l l a s a v o i d i n g a l l o f t h e p r o b l e m s o f FCC c l e a rance, e t c . f o r h a v i n g a t r a n s m i t t e r , w h i c h i s n e c e s s a r y f o r a two-way s a t e l l i t e system. There have been some d i s c u s s i o n s t h a t b e c a u s e o f t h e e x c e l l e n t s i g n a l -t o -n o i s e on t h e C/A code t h a t t h e signal strength would be degraded, so that adver- The f u t u r e a c c u r a c y p o t e n t i a l i s q u i t e e x c i ti n g because there i s s i g n i f i c a n t a n t i c i p a t e d improvement i n t h e a c c u r a c y o f t h e ephemerides f o r t h e s a t e l l i t e s , and t h a t e r r o r c o n t r i b u t i o n s h o u l d be reduced considerably. The ionospheric delay can, i n f a c t , be c a l i b r a t e d a t o r b e l o w t h e nanosecond l e v e l , a n d t h e t r o p o s p h e r i c d e l a y c a n also be modeled t o a few nanoseconds. As we g a i n more e x p e r i e n c e w i t h r e c e i v e r d e s i g n a n d t o t a l d e l a y and d e l a y s t a b i l i t y , it i s b e l i e v e d t h a t i t s accuracy can also be improved t o t h e nanosecond l e v e l o r b e l o w . U l t i m a t e l y , o v e r t h e n e x t s e v e r a l y e a r s t h i s common-view approach could be developed w i t h a c c u r a c i e s o f t h e o r d e r o f a nanosecond.
Conclusions i s achieved because o f common-mode c a n c e l l a t i o n s o f s e v e r a l c o n t r i b u t i n g e r r o r s i n t h e system. The system furthermore has t h e p o t e n t i a l t o a c h i e v e a c c u r a t e t i m e t r a n s f e r I n c o n c l u s i o n , we have shown t h a t one-way s a t e l l i t e t r a n s m i s s i o n f r o m a GPS s a t e l l i t e i n common-view a t two s i t e s a l l o w s one t o do accurate t i m e t r a n s f e r t o 10 ns o r b e t t e r . T h i s a c c u r a c y
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TIME AND TIME TRANSFER ala GPS
Four methods o f t i m e t r a n s f e r and t h e i r approximate accuracies using GPS:
Upper l e f t , u s i n g d a t a from the s a t e l l i t e t o f i n d GPS t i m e and comparing a local clock with the GPS t i m e scale.
Upper r i g h t , u s i n g one s a t e l l i t e t o decode GPS time a t two d i f f e r e n t l o c a t i o n s and times t o compare both clocks with the GPS time scale and hence w i t h each other.
Lower l e f t , measuring the time o f a r r i v a l o f a common signal from a s a t e l l i t e a t t w o locations t o compare the computed NBS-BIH TLme T r a n s f e r E r r o r 
22.
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